Abstract: Complete genome comparisons, transcriptomic and metabolomic studies were performed on two laboratory-selected, well-characterized vancomycin-intermediate Staphylococcus aureus (VISA) derived from the same parent MRSA that have changes in cell wall composition and decreased autolysis. A variety of mutations were found in the VISA, with more in strain 13136p physiologic state includes elements of the stringent response, such as downregulation of protein and nucleotide synthesis, the pentose phosphate pathway and nutrient transport systems. Gene expression for secreted virulence determinants was generally downregulated, but was more variable for surface-associated virulence determinants, although capsule formation was clearly inhibited. The importance of activated stress response elements could be seen across all three analyses, as in the accumulation of osmoprotectant metabolites such as proline and glutamate. Concentrations of potential cell wall precursor amino acids and glucosamine were increased in the VISA strains. Polyamines were decreased in the VISA, which may facilitate the accrual of mutations. Overall, the studies confirm the wide variability in mutations and gene expression patterns that can lead to the VISA phenotype.
Introduction
The first report of a clinical isolate of Staphylococcus aureus showing decreased susceptibility to vancomycin, minimum inhibitory concentration (MIC) 8 μg/mL, appeared in 1997 [1] . Since that time there have been many reports of laboratory-derived and clinically-isolated vancomycin-intermediate S. aureus (VISA), and these have been reviewed [2] [3] [4] . Despite considerable effort, the mechanism(s) underlying decreased vancomycin susceptibility is not entirely clear. Although VISA typically show a number of phenotypic traits in common, such as increased cell wall thickness, decreased autolysis and alterations in peptidoglycan structure, a wide variety of mutations and transcriptomes have been found in VISA [2] [3] [4] . Exposure of S. aureus to cell wall-active antibiotics induces the expression of a set of genes that comprises a cell wall stress stimulon [5] . Altered stress response gene expression without antimicrobial exposure, including members of the cell wall stress stimulon, is characteristic of VISA [6] .
In 2000, Pfeltz et al. [7] reported on the characteristics of a number of VISA strains generated by in vitro step selection from vancomycin-susceptible S. aureus (VSSA) in the presence of increasing concentrations of vancomycin. Among these VSSA was heterogeneously methicillin-resistant S. aureus (MRSA) strain 13136p − m + (penicillinase-negative, mecA-positive). This strain was originally isolated in 1960 as MRSA 13136, one of the handful of MRSA among several thousand clinical S. aureus isolates surveyed [8] . Strain 13136p − m + is a penicillinase-negative derivative selected from 13136 [9] . Like the well-studied penicillinase-negative, homogeneous MRSA strain Colindale 9204 (COL), the 13136 lineage is lysogenized by prophage L54a inserted near the 3' end of the glycerol ester hydrolase gene (geh). The result is a truncated, inactive gene product (lipase) [10] . L54a, also known as ϕCOL, was only present in COL in a comparison of six staphylococcal genome sequences [11] . Although COL and 13136 were isolated in the same time period (1960) (1961) (1962) (1963) (1964) by the Cross-infection Reference Laboratory, Colindale, London, a comparison of genome sequences between the two strains is not available. COL was isolated from a hospital in Colindale, whereas the separate survey identifying 13136 drew isolates from hospitals primarily in southeastern England, but also elsewhere within and outside of that country [8, 12] . V5 (16 µg/mL) or the parent strain (8 µg/mL). These strains have been extensively studied for their cell wall-related properties [7, 13] . The VISA strains grew slower than the VSSA parent [7] . Muropeptide analysis showed an increase in muropeptides with a single L-alanine residue in the interpeptide bridge in the two VISA strains compared to the VSSA parent strain. Cell wall teichoic acid content was significantly decreased in the VISA strains, in strain 13136p − m + V20 in particular, as judged by cell wall phosphorus content. The VISA strains showed decreased whole cell autolysis, decreased lysostaphin susceptibility and decreased isolated crude cell wall autolytic activity. Differences were noted in the amount and profile of peptidoglycan hydrolase activities in the VISA strains [13] . atl, the gene encoding two major S. aureus autolysins [14] , showed significantly reduced expression in 13136p We have used these strains to further probe the mechanism(s) of decreased vancomycin susceptibility by a combination of genomic, transcriptomic and metabolomic approaches. Metabolomics typically involves the comparative analysis of small, cellular organic compounds of a molecular weight less than 1000 daltons [15] . A metabolome is a direct reflection of the physiological status of a cell and thus is another approach to understanding cell function. VISA strains are believed to be activated for cell wall synthesis [16] and to display impaired acetate catabolism [17] . A recent metabolomic analysis of two series of VISA isolates indicated alterations to a wide range of central metabolic pathway intermediates, but did not elucidate the underlying mechanism of decreased vancomycin susceptibility [18] . The mutations present in the two VISA strains are summarized in Table 1 . A total of nine single-nucleotide polymorphisms (SNPs) across eight genes that resulted in protein amino acid changes were detected in strain 13136p [32] A total of 12 genes were associated with 19 protein amino acid changes in one or both VISA (Table 1) . Five of these genes encode products that interact with nucleic acids in protein synthesis or are associated with DNA damage/SOS responses: comGB, fusA, infA, ssb1 and dinG [21] [22] [23] [24] [26] [27] [28] 30] . Three more are housekeeping genes encoding products involved in central intermediary metabolism: pepF encodes an endopeptidase that hydrolyzes internalized peptides to provide nutrients or endogenous peptides for protein turnover [19] ; glpF encodes a glycerol transporter (carbon and energy acquisition) [25] ; and apt encodes an enzyme in a purine salvage pathway catalyzing the production of AMP from adenine and phosphoribosyl pyrophosphate [23, 31] . apt is associated with the stringent response in other Gram-positive bacteria [29, [33] [34] [35] . The fmtB and tarO gene products are cell envelope proteins involved in cell wall biosynthesis, β-lactam resistance and virulence [6, 29] . fmtB is located downstream of glmM and is also known as mrp and sasB [36] . FmtB has a C-terminal LPXTG cell wall anchoring motif [37] . The indirect effect of FmtB on methicillin resistance can be relieved by increasing the production of the cell wall precursor glucosamine-l-phosphate [38] . tarO, also known as tagO, llm and farO, catalyzes the initial step of cell wall teichoic acid synthesis. Locus SACOL2451 encodes a putative membrane protein, a homolog of OpuBC, the permease component of an ABC-type osmoprotectant transport system [32] .
Results

Mutations in Strains 13136p
The final mutated gene, stp1, encodes a eukaryotic-like serine-threonine phosphatase and is located in tandem with its cognate serine-threonine kinase gene, stk1 [39] . These two enzymes comprise a two-component regulatory system that plays important roles in bacterial signal transduction [20] , in addition to roles in cell wall structure and autolysis [39, 40] . Mutations in stp1 have previously been associated with laboratory-selected glycopeptide resistance, along with cell wall alterations characteristic of the VISA phenotype [40] [41] [42] [43] . Passalacqua et al. [42] reported reduced autolytic activity in addition to decreased susceptibility to vancomycin, daptomycin and linezolid due to an stp1 mutation. Additionally, Cameron et al. [43] demonstrated that the deletion of this gene alone is sufficient to slightly reduce vancomycin susceptibility. A eukaryotic-like serine-threonine phosphatase-kinase pair regulates an osmotic stress sensory system in Mycobacterium tuberculosis that leads to an adaptive response involving modifications to cell wall structure and virulence factor production [44] . Eleven of the 12 genes listed in Table 1 , all except pepF, can be linked to stress response either by expression change or gene product function. were downregulated as were upregulated. Unfortunately, but not unexpectedly, the gene functional group with the largest number of changes was hypothetical functions, and along with the unclassified and unknown function categories accounted for 91 of the 338 genes (27%) with expression changes in VISA strains. Among genes with assigned functions, seven functional groups each had at least 5% of the genes each with expression changes in VISA vs. VSSA 13136p − m + : cell envelope (48 genes, or 14%), transport and binding proteins (39 genes, or 12%), purines, pyrimidines, nucleosides and nucleotides (28 genes, or 8%), protein synthesis (27 genes, or 8%), regulatory functions (24 genes, or 7%), and biosynthesis of cofactors, prosthetic groups and carriers (18 genes) and central intermediary metabolism (16 genes) with 5% each. Together these eight functional groups accounted for 86% of the genes represented in Figure 1 . Downregulation was the clear trend for all of these functional groups, except biosynthesis of cofactors, prosthetic groups and carriers, where the numbers of down-and up-regulation were comparable. Although overall gene expression trends were similar between the two VISA versus their progenitor VSSA, specific patterns within these data were not consistent between the two comparisons. For example, 13 of the 16 ribosomal proteins listed in Supplementary Table S1 were . Genes encoding secreted proteases were generally downregulated in both VISA (sec3, sspA, sspB2 and sspC), as were cap genes encoding capsular polysaccharide biosynthesis, but the pattern of expression changes was inconsistent between the two VISA. The expression of genes encoding cell surface protein, regulatory, biofilm-related and cell wall metabolism gene products was more variable, with more frequent upregulation and greater ranges of expression fold-change values. A large number of genes previously identified as associated with the VISA strain, including members of the cell wall stress stimulon, showed expression changes in one or both VISA versus 13136p − m + . These include vraR and prsA, which are overexpressed in both VISA and are part of the cell wall stress stimulon [5] , as well as penicillin binding proteins. McAleese et al. [6] previously reported overexpression of the cell wall stress stimulon in VISA.
Comparison of Transcriptional Profiles between 13136p
Three genes, which were altered in expression, as determined by microarray analysis, were validated using qRT-PCR. The expression ratios of cmk, agrA and ddh were shown to be in good agreement with microarray results (data not shown). Table 2 is the subset of genes from Supplementary Table S1 with large expression differences among the three strains, as defined by at least one expression change eight-fold or greater in magnitude (≥8-fold) between either VISA and the progenitor VSSA. Supplementary Figure S1 is a graphical representation of the data in Table 2 . In Table 2 genes are sorted by attributes related to the VISA phenotype instead of generic functional groupings. Additionally, the Table 2 . A total of 60 changes >8-fold were present between the three strains across 52 different genes. The hypothetical/ unclassified/unknown function gene functional group accounted for 21 (40%) of the 52 genes with >8-fold changes, followed by 11 cell envelope genes (21%), four genes each (8%) in regulatory functions and biosynthesis of cofactors, prosthetic groups and carriers and three genes each (6%) for purines, pyrimidines, nucleosides, nucleotides and transport and binding proteins; together, these groups accounted for 89% of the >8-fold change gene subset. This pattern differed from that in Figure 1 and Supplementary Table S2 in that some functional groups had no genes among the >8-fold change gene subset, including the amino acid biosynthesis, transcription and, most notably, the protein synthesis groups. The general central intermediary metabolism functional group had two genes in the >8-fold change gene subset, just below 4%, but comparable to the total in Supplementary Table S1. Five genes in the >8-fold change subset that encode regulatory proteins (agrA, sarS, rot, mecR1 and locus SACOL2147) all had very different expression patterns between the two VISA versus parent VSSA3136p − m + . The only two genes with >8-fold expression changes between both VISA and the parent VSSA and between the two VISA themselves were locus SAR2275, which encodes a hypothetical protein, and asp23, whose gene product is the σ B -regulated alkaline shock protein 23. This gene is downregulated by cell wall-active antibiotics and often upregulated during the general stress response and many specific stress responses, but its function is not known [5] .
Genes with at Least One Eight-Fold Expression Change among VISA and VSSA
Genes with >8-fold expression changes were grouped into four VISA-related categories in Table 2 : virulence factor-associated (14 genes, 12 up-and 12 down-regulated changes), cell wall metabolism (three genes, four up-and two down-regulated changes), central intermediary metabolism (14 genes, three up-and 18 down-regulated changes) and hypothetical proteins (21 genes, seven up-and 25 down-regulated changes). Of the 31 genes that did not encode hypothetical functions, 17 have one or more known stress response associations that are listed in the Table 2 Stress Response Association column. Eight genes were associated with nutritional stress (stringent response), five with oxidative stress, three with the general stress response, two each with osmotic and cell wall-active antibiotic stresses, and one with DNA damage response (recombination repair function and/or SOS response).
Ten of the >8-fold expression changes were upregulations (29%), and 24 were downregulations (71%) for the 13136p 
Metabolomics
Ninety-eight total metabolites were identified in VSSA 13136p (only two were unchanged). Thirteen metabolites were increased in both VISA and twelve others were decreased in both VISA compared to the parent VSSA. The relative concentrations of the identified metabolites in the three strains are shown in Table 3 , which also contains calculated fold-changes for both VISA versus parent VSSA relative concentrations, as well as fold-changes for 13136p For clarity, only metabolite relative concentration changes of five-fold or greater are presented. Forty five of the 98 metabolites identified had at least one relative concentration change of five-fold or greater among the three strain comparisons. By metabolite class, these were: 13 amines and polyamines, eight amino acids, nine polar organic acids and 15 sugars. These 45 metabolites, their relative concentrations per strain, and relative concentration fold-changes for all three strain comparisons are listed in Supplementary Table S4 . The Figure 2 diagrams are not intended to be complete pathways, and many metabolites are involved in numerous metabolic processes; and for some, such as polyamines and unphosphorylated sugars, there is uncertainty around their metabolic roles. The pathways presented represent those that seem relevant given the context of the other metabolites identified and the results of the genomic and transcriptomic analyses. The amino acids consistently present in the highest concentrations were alanine, aspartic acid, glutamic acid, leucine, lysine, proline and pyroglutamic acid. In general, the concentrations of these amino acids were increased in strains 13136p There were high concentrations at a similar level in all three strains of pyroglutamate, which is the cyclic lactam of glutamic acid [60] . Although pyroglutamic acid is almost ubiquitously present in cells from Archaea to humans, it is a neglected metabolite. Pyroglutamate is formed by a number of different routes, including from the degradation of glutathione, spontaneous cyclization of glutamate phosphate and non-enzymatically from glutamate and glutamine. We are unaware of previous reports of its occurrence in S. aureus.
Glycerol was present at similar high levels in all three strains. Alpha glycerophosphate was present in all three strains. Mannitol relative concentration was significantly decreased in the VISA strains. Acid production from mannitol is a species characteristic of S. aureus. Lactic acid was present at high levels in all three strains.
Discussion
It has become apparent that the stress response network and virulence are intrinsically interwoven with central intermediary metabolism. Figure 3 is a diagram of the relationships between these three aspects of bacterial physiology. Secreted virulence factors, such as proteases and hemolysins, destroy host tissue in order to generate nutrients for growing pathogen populations. The released nutrients are transported into the S. aureus cell to serve as substrates for central intermediary metabolic pathways. Metabolic pathways are modulated to minimize damage from host immune response oxidative and nitrosative assaults [61] . Cell surface associated virulence factors, such as adhesions, promote host tissue colonization and aid in the evasion of host immune responses that are triggered by the activities of the secreted proteins. The production of virulence factors in S. aureus is density-dependent and regulated by a complicated network of global regulatory loci, but also by stress-related adjustments of central metabolic pathways, including the tricarboxylic acid (TCA) cycle. Some TCA cycle enzymes are upregulated in biofilm-associated cells versus planktonic culture [62, 63] . Many of these global regulators, such as alternative sigma factor σ B and members of the staphylococcal accessory regulator (Sar) family, exert regulatory influence over not only virulence factors, but the S. aureus general stress response and expression of antimicrobial resistances, including vancomycin intermediate susceptibility [64] . Virulence is related to central intermediary metabolism through the production of soluble exoprotein virulence factors, regulated in a cell density-dependent fashion, which destroy host tissue in order to make nutrients available to a growing bacterial population. Cell-associated virulence factors are primarily defenses against host immune responses, working in conjunction with stress responses to immune system oxidative insults and damage sensing and responses to cell wall-active antibiotics. The stringent response is a stress response that coordinates a downregulation of central intermediary metabolism, and protein and nucleic acid synthesis, in order to conserve resources during periods of nutritional scarcity.
The alarmone-mediated nutritional stress response, known as the stringent response, has been linked to activated stress responses and methicillin resistance [45] . The S. aureus starvation response involves expression changes to genes associated with DNA repair and oxidative stress resistance [65] . rpoB mutations associated with conversion from VSSA to VISA also impart characteristics of the stringent response, reduced expression of genes encoding ribosomal proteins and upregulation of genes encoding amino acid biosynthesis enzymes, in addition to a slowed growth rate [66] . RNA polymerase subunit encoding genes rpoB and rpoC were downregulated 3.1-and 2.1-fold in 13136p . The stringent response is activated in MRSA in response to β-lactam antibiotics and leads to intermediary metabolic pathways optimized for energy production [67, 68] . Stringent response induction by mupirocin in a heterogeneous MRSA dramatically increased the production of PBP2A and resulted in homogenous methicillin resistance expression [69] . Additionally, the link between virulence and the stringent response has been described for S. aureus and other bacteria [70] . Despite a dramatic upregulation of the mecA gene in VISA , despite the reported importance of PBP2 to laboratory-selected VISA [71] . Multiple studies have identified genes associated with decreased susceptibility to vancomycin. These studies have been summarized by Howden et al. [3, 4] , who have attempted to make some generalizations. Mutations in the regulatory genes, walKR, vraRS and graRS, and the gene encoding RNA polymerase subunit (rpoB) have been most frequently associated with the VISA phenotype. WalKR is an essential two-component system involved in the control of cell wall metabolism, particularly in controlling the expression of peptidoglycan hydrolases [72] . VraSR controls the cell wall stress stimulon [5, 73] . GraSR is a two-component system associated with vancomycin resistance [74] and more generally with sensing antimicrobial peptides [75] . We did not detect mutations in any of these genes in our VISA strains. However, mutations were detected in stp1, fmtB and tarO, which are all involved in cell wall metabolism. Matsuo et al. [76] have identified mutations associated with the transition from hVISA to VISA. These authors have suggested that mutations in genes involved in protein synthesis, such as translation elongation factor G and translation initiation factor IF-1, in our case, may reduce protein synthesis and allow more use of amino acids for peptidoglycan synthesis. Indeed, the levels of several peptidoglycan precursor amino acids were elevated in our VISA strains.
Many of the mutations we encountered in our VISA strains have either not been or have only been rarely associated with the VISA phenotype. Five of the 12 13136p − m + VISA mutations are in genes encoding products that interact with nucleic acids in protein synthesis or are associated with DNA damage/SOS responses: comGB, fusA, infA, ssb1 and dinG. Often, a single stress will activate components from multiple stress responses. Oxidative stress and heat shock are known to elicit very broad stress responses [25] . However, SOS responses, such as recombination repair and competence mechanisms, are not commonly listed among the stress response alterations associated with the VISA phenotype.
That seven of the nineteen mutant loci identified in this study were in L54a prophage gene ssb1 is intriguing. Single-stranded DNA binding proteins of L54a and similar prophages are thought to function as positive transcriptional regulators of integrase and perhaps other recombination-related phage genes [28, 77] . Prophage genomes are known to harbor bacterial virulence determinants that can be regulated by global regulatory elements, such as the agr system [78] , and cases have been reported of phage proteins exerting regulatory influence over host gene expression [79, 80] . Cell wall biosynthesis disruption in MRSA COL results in downregulation of 33 L54a genes and upregulation of only two (none were ssb1), interpreted as a reinforcement of the lysogenic state, because stress is known to activate the SOS system and thereby the entry of the prophage into the lytic cycle [27] . The fact that mutations were identified in three L54a loci in VISA 13136p , and that there were no mutations in other L54a genes such as those encoding the excisionase, suggests that ssb1 may have a regulatory function that was the target of VISA selection. It seems unlikely that so many mutations in one gene would be necessary to simply disable lytic cycle capabilities. Likewise, mutations in fusA, infA and stp1 may serve to modulate regulatory functions. Competence damage-inducible protein CinA, with functional similarities to both the comGB and dinG gene products, was identified as a member of the cell wall stress stimulon by Utaida et al. [5] . Interestingly, in relation to comGB, L54a itself cannot induce competence as a prophage [81] .
Matsuo et al. [66] described the importance of regulation to the VISA resistance mechanism. The greater ratio of up-to down-regulated regulatory function genes for VISA 13136p . saeS is the sensor histidine kinase gene of a two-component regulation system that is upregulated by β-lactams and vancomycin in some other strains [82] , and sarA is important for intrinsic antimicrobial resistance [83] . The complexity of the network of regulatory elements that controls virulence factor expression also extends to capsules and biofilms. The general downregulation of capsular polysaccharide biosynthesis genes can be directly interpreted as capsule production inhibition, although typically cap genes have been found to be overexpressed in VISA strains [3, 4] . Whether or not biofilm formation was favored or inhibited in the two VISA cannot be discerned from the pattern of expression changes among regulatory loci, although the general downregulation of the protease-encoding genes is favorable to biofilm formation [84] .
Secreted and cell surface-associated virulence factor gene expression patterns were similarly complicated. aur, encoding the zinc metalloproteinase aureolysin, was overexpressed 8.2-fold in 13136p − m + V5. Aureolysin has been shown to cleave complement component C3 and is proposed to mediate immune evasion [85] . Gene sspB encodes a cysteine protease precursor and was upregulated 3.7-fold in 13136p . This gene was reported as downregulated in another VISA strain, JH9 [6] . Genes sspC and sspA, encoding a cysteine protease and V8 serine protease, respectively, were downregulated in both 13136p [86] suggested that decreased levels of SspA may affect the processing of autolysins, such as Atl, resulting in altered autolytic activity, a characteristic displayed by our VISA strains. Serine protease loss may also affect other proteases, specifically cysteine protease proteolytic maturation [87] . The spa gene, encoding protein A, had no expression change in 13136p were in genes with known associations to stress responses, primarily to cell wall antibiotics and DNA damage. The tarO gene product is a membrane-associated protein that catalyzes the initial step in the biosynthesis of cell wall teichoic acid, a polymer of ribitol phosphate subunits [13] . The functions of teichoic acid are not fully understood, but it has roles in VISA characteristics such as cell wall structure, cell separation, autolysis and β-lactam susceptibility. Teichoic acid D-alanylation, mediated by dlt gene products, promotes biofilm formation and cell adhesion and is associated with the regulation of autolysis and virulence [88] . Both dlt genes were downregulated , respectively. Factors contributing to the diminished fructose pool could be the repression of genes encoding enzymes required for uptake and utilization or the diversion of available fructose toward upregulated peptidoglycan synthesis. There are problems with both of these hypotheses, however. The uptake mechanism encoded by the fru operon is a phosphotransferase system, but it was unphosphorylated fructose whose relative concentrations changed dramatically. Furthermore, the thickened cell walls characteristic of the VISA phenotype are generally only produced in the presence of glycopeptides. Analyses in this study were performed on cells grown in antibiotic-free medium. Additionally, in 13136p Components of the S. aureus general stress response network were selectively deployed in the two VISA, as three of the eight genes whose expression was highly downregulated (>8-fold versus parent VSSA) were associated with stress responses. These were asp23, encoding alkaline shock protein 23, locus SAV2185, encoding a putative transporter of osmoprotectant glycine betaine, and SACOL1114, encoding a putative Mn 2+ /Fe 2+ transporter associated with oxidative stress management. The remaining five genes encoded two enterotoxins (sec, seb), a pseudogene with homology to integrase/recombinase proteins and two hypothetical proteins. No genes were upregulated >8-fold in both VISA.
There was evidence of stress response activation or modification in metabolomic data. The ica operon was strongly upregulated in VISA 13136p . Energy conservation is a stringent response characteristic, as is the general downregulation of purine and pyrimidine metabolism genes observed in both VISA.
The major proline biosynthetic pathway in S. aureus is through arginine and ornithine via the urea cycle, not from glutamate [89] . Accumulation of osmoprotectants, including trehalose and especially proline, is an important osmotic stress countermeasure employed by S. aureus. Trehalose was present in 13136p , the identified TCA cycle intermediates, except cis-aconitate, were all within fivefold of parent strain relative concentrations, but many intermediates in glycolysis were reduced at least five-fold versus the parent. This suggests elevated flux through glycolysis to allow the TCA cycle to maintain such high proline levels. However, S. aureus also imports proline via the ProP low-affinity transport system in response to osmotic stress or a high-affinity PutP transport system in response to nutrient limitation [90] . Gene expression for locus SAV0573, encoding a ProP proline/betaine transporter homolog, was upregulated 3.7-fold in 13136p Nelson et al. [17] have suggested that there is decreased flow through the TCA cycle in VISA strains and that this is associated with decreased aconitase activity; however, no expression changes were identified for any of the genes in the cit operon. Of seven pyrimidine ribonucleotide biosynthetic pathway genes with expression changes in this study, two were downregulated and five unchanged in 13136p . These are purine salvage pathway substrates either taken up from the growth medium, perhaps due to activated elements of the starvation response, or are degradation products from excess adenine and adenosine after downregulated purine biosynthesis [65] . Likewise, the accumulation of pyrimidine biosynthetic intermediates, dihydroorotate and orotate, was consistent with a downregulated pyrimidine biosynthetic pathway. Their accumulation was sequential, as dihydroorotate but not orotate relative concentrations were dramatically increased versus the parent VSSA in 13136p ) and spermidine (both strains). Polyamines play important roles in many cellular processes [91, 92] . Joshi et al. [93] found polyamines to exhibit a strong antimutagenic effect on several strains of S. aureus. Lower levels of polyamines in VISA strains may facilitate the development of the VISA phenotype by increasing the frequency of mutations. Within the cell polyamines are often complexed with nucleic acids, where they are thought to serve a protective function against stress and possibly participate in the regulation of protein synthesis and DNA-binding protein interactions. Polyamines protect E. coli against oxidative stress and are a component of the acid stress response. On the cell surface polyamines have been shown to influence biofilm formation in Bacillus subtilis and a number of Gram-negative pathogens. Spermidine biosynthesis exerts a regulatory influence on Streptococcus pneumoniae autolytic activity, possibly through cell wall structural interactions [93, 94] .
Polyamine functions are generally poorly understood [94] . A complication to the assessment of this study's polyamine data is the unique hypersensitivity of S. aureus to these molecules. It is questionable whether S. aureus is capable of synthesizing these polyamines [93] . Adenine phosphoribosyltransferase, encoded by the apt gene mutated in 13136p
, is involved in recycling polyamine biosynthesis byproducts in E. coli. Furthermore, in at least some Gram-positives, including S. aureus, the relA gene encoding an alarmone biosynthesis activity that mediates the stringent response is downstream of apt. Streptomyces coelicolor relA is transcribed from transcriptional read-through of apt, linking regulation of the stringent response and that of purine metabolism [31, 34, 35] .
Glutamic acid is known to have roles in the osmoregulatory and stress physiology of S. aureus [89, 95] . Alanine and glutamic acid are precursors of the L-and D-alanine, D-glutamic acid, and D-isoglutamine residues found in peptidoglycan. Their presence in increased concentrations in the VISA strains might be related to modifications in peptidoglycan structure and cell wall thickening in VISA strains [7, 13, [96] [97] [98] .
However, levels of lysine, which is also found in S. aureus peptidoglycan, were decreased in the VISA strains. Possibly also related to peptidoglycan synthesis, glucosamine was undetectable in the parent strain but was present at 6.9/10mg dry weight in 13136p Mannitol is suspected of playing a role in osmoregulation in S. aureus [99] . Relative concentrations versus parent VSSA of mannitol and mannitol-6-phosphate decreased in 13136p Ideally, it would be possible to reveal elements of the VISA resistance mechanism by working backwards from phenotypic characteristics through metabolomic, then transcriptomic, and finally genomic data. However, interpretation of the omics data from this study presents several challenges. In-depth knowledge of the function of the gene products of many of the genes with SNPs is lacking, profoundly so for some of them (e.g., ssb1, dinG and stp1). A large proportion of gene expression changes identified by transcriptome analysis encode products in the hypothetical protein, unclassified, and unknown function gene functional groups (27% overall, rising to 40% of the high fold-change subset). This is not a novel observation [45] . As mentioned previously, metabolite relative concentration changes do not always correlate with the expression changes of genes encoding their biosynthetic enzymes and regulatory elements. This may be due in part to the fact that gene expression data do not provide information on gene product activity, and many enzymes and regulatory proteins engage in interactions with other regulatory molecules in ways that are not evident to broad analyses. For example, the alarmone synthetase and hydrolase activities are combined in a single, bifunctional protein in Grampositive bacteria [45] , and gene expression data on relA up-or down-regulation give no guidance on which activities are active at the time of sample processing. Furthermore, the single gene expression change in the mobile and extrachromosomal element functions gene functional group identified by the transcriptional analysis does not reflect the dominant position of the L54a prophage mutations within the genomic analysis.
Experimental Section
Strains and Growth Conditions
S. aureus strains 13136p 
Transcriptional Profiling
This was carried out as described in previous publications from this laboratory [102, 103] . S. aureus genome microarrays version 6.0, provided by the Pathogen Functional Genomics Resource Center of the National Institutes of Allergy and Infectious Diseases, were used.
Microarray Validation by Real-Time Reverse Transcription-PCR (RT-PCR)
This was carried out as described by Song et al. [103] on selected genes.
Metabolomic Analysis
This was carried out as described by Singh et al. [104] . Briefly, 500 mL of mid-exponential phase cells growing in a 2-liter flask with shaking (200 rpm) at 37 °C were harvested, washed and extracted with 40% (vol/vol) methanol. The extracts were analyzed by liquid chromatography/mass spectroscopy and gas chromatography/mass spectroscopy. Data from each chromatogram were normalized to an internal standard of 10 mg/mL hentriacontanoic acid to allow dry weight comparisons between samples. Relative concentrations were calculated as metabolite peak area divided by internal standard peak area. These analyses were carried out at the Roy J. Carver Biotechnology Center, University of Illinois at Urbana-Champaign, Urbana, IL, USA. Three separate batches of each strain were analyzed, and the data were combined.
Conclusions
This study added new members to the lists of mutations and transcriptomes that are associated with the VISA phenotype. Overall trends in VISA characteristics were consistent with previous studies, including a great variability in the mutations and gene expression patterns among VISA of different lineages. This variability has been noted previously by Howden et al. [3, 4, 105] . Those authors and Gardete et al. [106] also confirm that VISA transcriptomes are generally consistent with decreased virulence. Parent VSSA 13136p − m + in this study had been laboratory-propagated for decades, although for much of that time it was in frozen storage, and its VISA derivatives were selected in vitro and have never been passaged through animals. The extensive modulation of virulence determinants in these and other in vitro-selected and -propagated VISA demonstrates that virulence and central intermediary metabolism are inextricably intertwined. Extended in vitro passage has been shown to change the expression pattern of virulence determinants, but it does not eliminate them [107, 108] .
The importance of activated elements of the stress response network was reinforced by the results from this study. Stress response modulation in the VISA phenotype was evident across all three omics analyses, from mutations and expression changes with genes known to respond to stresses or encode stress-related products, to modulation of stress-protection metabolites, such as proline and polyamines. It was surprising how many mutations were identified in the two VISA strains that were associated with stress related to DNA damage and the SOS response, especially so for the strain with the higher vancomycin MIC (13136p − m + V20). The pattern of downregulation of central metabolic processes related to protein synthesis and purine and pyrimidine biosynthetic pathways indicates a stringent response-like state for the two VISA, as has been reported for both MRSA and VISA [45, 66] . Downregulation of these processes was not simply a component of the slowed growth rates of these VISA versus their VSSA parent, for while central metabolism in VISA 13136p [7] . The greatest value derived from the metabolomics analysis was in providing physiologic evidence supporting the association of stress response activation and stringent response characteristics with the VISA phenotype. This was evident in progressive changes in metabolite relative concentrations that paralleled the selection of greater vancomycin resistance between VSSA 13136p 
